Introduction
Chemotaxis is a dynamic process that requires the migrating cells to identify a chemoattractant and to perceive its concentration distribution. Regardless of the gradient perception mechanism, be it spacial or temporal (1), the study of stimulusresponse coupling ofthe chemoattractant receptor should, when possible, be approached kinetically. Attempts were therefore made to monitor the time course of morphological polarization of polymorphonuclear leukocytes (PMN)' from round to the wedged shape that is characteristic of migrating cells (2) (3) (4) (5) . This change in morphology, termed polarization, which appears to be a requisite step for a chemotactic response, begins within seconds after exposure of leukocytes to chemoattractants in suspension (6) . It has previously been shown that PMN sus-1. Abbreviations used in this paper: CB, cytochalasin B; fMet-Leu-Phe, N-formyl-methionyl-leucyl-phenylalanine; EC50, half-effective concentration; HHB, Hank's/Hepes buffer; PMA, 4#6-phorbol 12a-myristateacetate; PMN, polymorphonuclear leukocytes. pensions exposed to chemoattractants in a platelet aggregometer demonstrate a rapid increase in transmitted light (7, 8) . By analogy to platelet aggregation, the major light transmission response of PMN has been attributed to cellular aggregation (9) . By the same analogy the aggregation of PMN was anticipated to be preceded by changes in whole cell shape (10, 11) . We therefore hoped to monitor the kinetics of PMN polarization by studying the initial changes in light transmission following the addition of chemoattractants to stirred suspensions of the cells. However, reproducible measurements of changes in light transmission necessitated the use of a dense cell suspension (<5 X 106 PMN/ml) (12, 13) . These turbid suspensions compel the transmitted light to undergo multiple scattering, since it is unlikely for a light beam scattered by one cell not to be further scattered by additional cells before encountering the detector. Multiple scattering distorts the proportionality between the magnitude of change in scattered light and the actual fraction of responding cells, which are responsible for the changes. This lack ofproportionality is most prominent with transmitted light (i.e., forward scattering in the incident light direction), but drops sharply with the observation angle. In Cell preparation. Heparinized venous blood (10 U/ml; Upjohn Co., Kalamazoo, MI) was obtained from healthy donors, mixed 1:1 (v/v) with 3% Dextran T-500 (wt/vol), and allowed to sediment at room temperature for 25 min. The supernatant was centrifuged on a FicollHypaque density gradient according to Boyum (14) . The sedimented cells were exposed to 0.2% NaCl for 35 s at room temperature to lyse the remaining erythrocytes. After isotonicity was restored by adding an equal volume of 1.6% NaCl, the suspension was centrifuged at 300 g for 10 Scanning electron and phase-light microscopy. Samples (0.4 ml) of 107 PMN/ml were stimulated with fMet-Leu-Phe and monitored for transmission and perpendicular scattering response during various incubation periods. The response to the chemoattractant was terminated by a rapid addition of 0.4 ml ice-cold buffered (pH 7.2) 10% formalin (6) . The samples were centrifuged at 400 g for 15 min and the pellets were prepared for scanning electron microscopy by critical point drying (15) . When samples were examined by phase-light microscopy (X 400), they were removed from the aggregometer at the same times indicated above, placed directly on a microscope slide, and immediately observed.
Results
Effect ofPMN concentration onforward and perpendicular light scattering. The characteristics of the light scattered from PMN exposed to a chemoattractant were derived from measurements of transmission and perpendicular scattering using various cell densities and 10 nM fMet-Leu-Phe, a dose that is optimal for inducing chemotaxis (16) . surements reveal increased transmission intensity manifested by a single complex reversible wave pattern (7, 8) . In contrast, the chemoattractant induced a decrease in the intensity of the perpendicular scattered light. This decrease began concomitantly with the increase in the transmission intensity. However, at least two easily distinguishable transient responses were observed in the perpendicular measurement. The first was a sharp, highly synchronized response that peaked at 10±1 s (determined by high-speed recording; not shown) and decayed symmetrically after -20 s into a slower response. The latter response showed a less synchronized pattern that peaked at -40 s and decayed gradually over several minutes. The primarily reciprocal nature of the light measurements recorded at the forward and the perpendicular angles clearly indicates that the phenomenon observed resulted from changes in light scattering rather than light absorption. Absorption would be characterized by a proportional decrease of the light intensity at both observation angles.
In response to the chemoattractant stimulation, the amplitudes of the transmission patterns reached a maximal level at -07 PMN/ml and declined sharply for cell densities above 2 X 10' PMN/ml. In contrast, the amplitude ofthe perpendicular scattering response was linear with PMN density throughout the experimental range tested, with a highly significant linear correlation (r = 0.9975) of the rapid response. The maximum change in transmission light intensity following stimulation of 107 ml PMN ranges between 2 and 6% of the base-line unstimulated level. This broad range of the relative response reflects the variance in both the base lines and the responses amongst donors. Yet, the responses were found to be significantly different from the base-line level by t test (P < 0.01, n = 6). In the perpendicular measurements, the change in light intensity reached 14-19% of base-line level with a higher significance of the rapid response (P < 0.001, n = 7). Note however that in the transmission mode, circa 300 times more light was recorded than in the perpendicular mode. In other words, the reduction in the perpendicular scattering intensity covers only circa 1.5% of the increased transmission response.
The relatively small changes in light transmission responses to chemoattractant stimulation of PMN necessitates experimental systems of considerable PMN density in order to reach a sufficient signal to noise ratio. In turn, these conditions yielded multiple scattering, a notion that is supported by the high optical densities of the PMN suspensions and their lack of linearity with the cell numbers. The optical densities of unstimulated PMN mission measurement. At very low fMet-Leu-Phe concentrations, primarily the rapid response was observed, which is indicated by a transient and sharp symmetrical deflection. As the fMet-Leu-Phe concentration was raised, the slower response became visible in the perpendicular scattering, and could also be seen in the forward scattering, as judged by the transmission decay. Examination of the peak responses demonstrated that the transmission and the slow perpendicular response amplitudes increased linearly with dose up to 1 gM fMet-Leu-Phe and plateaued thereafter. In contrast, the fast peak amplitude increased abruptly with dose up to 10 nM fMet-Leu-Phe, beyond which the increases were reduced by far fewer. Assuming that the slow scattering response begins instantaneously upon the introduction of the chemoattractant (see below), its increasing overlap with the fast response at doses above 10 nM fMet-LeuPhe could account for the moderate increase in the fast peak amplitude at the higher dose range. Therefore, assuming that the fast peak approaches maximum at 10 nM fMet-Leu-Phe, a half-effective concentration (EC50) of 0.4 nM can be attributed to this response. The EC50 of the slow perpendicular and the transmission responses would range between 3 and 8 nM.
To determine ifthe phenomenon observed using fMet-LeuPhe is common to other chemoattractants, the effects of C5a and the synthetic hexapeptide fNle-Leu-Phe-Nle-Tyr-Lys were also examined. the affinity of the PMN receptors for the chemoattractant as well as for the cells' chemotactic responsiveness, but markedly reduce their ability to secrete lysosomal enzymes or initiate a respiratory burst (16) . Fig. 4 presents the 0.25% butanol effect on the light transmission response curves of PMN stimulated with fMet-Leu-Phe. These cells revealed a divergent light response exhibiting the fast peak response followed by a rapid drop in transmitted light intensity. At higher fMet-Leu-Phe doses the slowest peak was manifest, albeit at a low level. Similar effects were noted when PMN were treated with 0.1% N-pentanol, a dose that produces equivalent effects on the above listed functions of the cells (data not shown). PMA, a potent inducer of O2 production and lysosomal enzyme secretion, but not a chemoattractant, evoked no rapid response whatsoever, but initiated a slow response with lag-times of and 1.5 min at the forward and the perpendicular measurements, respectively (Fig. 5) .
The role ofcytoskeletal elements in light scattering by PMN. The role of cytoskeletal elements in producing the light changes by PMN was investigated by determining the transmission and (Fig. 8) .
The low magnification photomicrographs demonstrate polarization of PMN by 2 min (Fig. 8 C) , but tail to tail aggregation of the polarized PMN was documented only at 10 min (Fig. 8 D) . The high magnification scanning electron micrographs demonstrate an evolution of the polarized PMN morphology, which is clear at the samples taken 2 and 10 min from stimulation. The kinetics of polarization and aggregation were confirmed by phase-light microscopy (X 400) using unfixed cells taken from the platelet aggregometer cuvette at the same times indicated in Figs. 7 and 8 (data not shown).
Discussion
The exposure of PMN to chemoattractants initiates the induction of a coordinated series of responses at the biochemical and cellular levels (20, 21) . These responses are initiated by the binding of the chemoattractant to specific cell surface receptors (17, (22) (23) (24) (25) (26) (27) The amplitudes of these responses revealed a shallow perpendicular scattering coupled with a prominent transmission response. In addition, CB markedly attenuated the relaxation of the slow response upon fMet-Leu-Phe stimulation (Fig. 6 ).
Morphological studies of PMN initiating light-scattering phenomena. In an attempt to identify the nature of the scattering source, PMN morphology was examined at the end of various periods ofexposure to 10 nM fMet-Leu-Phe. motaxis (28), and others that require >10-fold higher concentrations, e.g., lysosomal enzyme and superoxide anion secretion (29, 30) . Recently, we, observed that the two types of responses by PMN to fMet-Leu-Phe could be divergently altered by pharmacological means (28), suggesting that chemotactic and secretory functions are regulated differently.
Attempts to correlate dynamic cellular processes with receptor-binding characteristics measured under equilibrium or steady state conditions has a number ofobvious drawbacks, not the least of which is that many responses are complete at low receptor occupancy (31, 32) before equilibrium of receptor occupancy is reached. For these reasons, the understanding of a chemoattractant's ipteraction-induction mechanism requires a kinetic approach with an emphasis on short time scales. Practically, it implies the need for a correlated study of the chemoattractants' association with a fast response, preferably in a continuous assay. This approach has already been used for responses induced by the high dose range of chemoattractants and measured in the continuous Says of O2 production (33), oxygen consumption (34) , lysosomal enzyme secretion (35, 36) , and the modulation of the PMN membrane potential (37, 38) .
A common feature of these responses is a response lag time, which varies among the assays with respect to the different chemoattractants and their doses. This lag time indicates that the responses are either of a complex reaction order or successive to other responses. As yet, no real-time approach has been successfully ascribed to the motility-related responses of PMN that are induced by the low dose range of the chemoattractants. Accordingly, we attempted to monitor the morphological po-E [a (16) did not depress the rapid response, but virtually obliterated the slower response at all but the highest doses of chemoattractant. CB, which inhibits cell motility but enhances secretion (39-41), entirely abrogated the rapid but not the slow response to fMetLeu-Phe. However, in this case, or with PMA as a stimulant, a discrepancy was noted between the ratio of transmission to perpendicular scattering amplitudes of the slow responses when they are compared with the same ratio in PMN responding to fMet-Leu-Phe alone. Moreover, the transmission response in the former two instances demonstrate a sustained near-maximum elevation. The explanation for these observations is not yet clear, however a hypothesis can be raised that is based on previous observations that fMet-Leu-Phe plus CB or PMA, but not fMet-Leu-Phe alone, cause extensive lysosomal enzyme secretion by PMN. This secretion should decrease the PMN average refractive index due to the discharge of dense lysosomal granules. Assuming an overall decrease of the cells' refractive index with respect to the medium, a scaling down ofthe scattering power and an increased transmission are expected. Secretion could therefore account for the apparent lack of relaxation of the slow transmission response in PMA or fMet-Leu-Phe plus CB-treated cells due to an up-shift of the transmission base-line level.
We attempted to identify the origin of the light-scattering changes by a morphological approach. Taken from platelet aggregation, it has generally been deduced that the light transmission increase seen in PMN suspensions exposed to chemoattractants was due to an aggregation process. This contention was made plausible by the observations that PMN aggregation does indeed occur 1 l-4 min (7, 8) after the introduction of a chemoattractant. The aggregation analogy was further strengthened by the transmission profiles obtained in many studies where CB was used, and therefore prevented decay ofthe transmission peak (13, (42) (43) (44) (45) (46) (47) . Our morphological data indicate that while aggregation occurs sometime after 2 min of the introduction of the chemoattractant, it cannot account for the major portion ofthe changes in light scattering that reaches maximal amplitudes within the first minute after the chemoattractant is added. Furthermore, the morphological polarization of PMN did not become apparent by phase-light microscopic examination of viable cells until~-30 s. In the present study, polarization was fully developed by 2 min and persisted to at least 10 min. Polarization then could not account for the rapid perpendicular light-scattering phenomenon, which was essentially complete by 20 s. Neither could polarization account for the slower response peak, since polarization does not occur in the presence of CB, (6) and in the absence of CB the slow response declined to base line within 10 min at doses of fMet-Leu-Phe that caused sustained polarization of the PMN. It can thus be concluded that while chemoattractants induce PMN aggregation and polarization, these phenomena are not major contributors to the light transmission alterations. This leads, by logical induction, to the notion that the light-scattering source may be of subcellular dimensions. This notion is circumstantially supported by the relatively small amplitudes of the light responses and the lack of angular dependence at the higher observation angles. In addition to the above, the previously reported rates of pseudopodia formation by PMN in response to chemoattractants (48) , and the relation of the light responses to the cytoskeleton-disrupting agents, led us to propose membrane ruffling and/or intracellular granules as the scattering objects. The former would be assumed to rapidly and reversibly change their size, shape, or arrangement on the surface of PMN exposed to even low doses of chemoattractants. The latter would be assumed to change their position, i.e., their spacial distribution, or refractive index with respect to the cells' cytoplasm. Morphological approaches taken thus far have not resolved the scattering source perhaps due to limits of resolution (i.e., size or contrast). Complex physical measurements, such as angular dependence of the scattered light over a wide angle range (00 . 0: 1800) and determination of index or refraction from locations within single cells, could provide additional information concerning the size and nature of the source of scattering.
The identification of the rapid perpendicular scattering response of PMN is of considerable interest. The instantaneous development, short life-time, low EC50 and pharmacological characteristics of this response qualify it as an early event in the induction of PMN chemotaxis. Based on the nature of the experimental system, which does not maintain any spacial gradient, this response becomes the first defined measure of the PMN perception of a temporal chemoattractant gradient (49).
